This paper presents an analysis of nonlinear distortion generated in Multi-PortAmplifier (MPA) systems that have attracted considerable attention for their potential use in multi-beam mobile satellite communications. The MPA configuration is a special one composed of a power divider, a power combiner and an array of high power amplifiers (HPAs). The HPA nonlinear characteristics degrade the MPA linearity. Intermodulation (IM) products generated by this nonlinearity cause interference with signals and degrade the signal transmission performance.
I. Introduction
Multi-beam satellite communications systems, which cover their service area with a large number of spot beams, can obtain a high antenna gain and can consequently improve EIRP and G/T. Thanks to their reduced transmitting power and increased receiving power, such systems are very effective for mobile communications or for multimedia access networks in which small, economical terminals are indispensable.
The use of an MPA configuration was proposed for the power amplifier system of multi-beam communications 1 . This is a special configuration composed of a power divider, a power combiner and an array of high power amplifiers (HPAs), and can overcome the problems of traffic imbalance among beams, traffic variation over time, and environmental changes with maximum flexibility and minimum hardware.
Degradation of beam isolation due to variation among HPA characteristics 2, 3 , HPA arrangement methods that effectively improve beam isolation 4, 5 , and a reliable configuration 6 have been investigated. Some MPAs have already been employed in commercial satellite mobile communications services [7] [8] [9] , and further developments are being made toward delivering higher output power and utilizing higher frequency bands 10 . Improving the power efficiency of a power amplifier is a major concern, because power resources are limited for satellite on-board equipment. It is particularly desirable therefore to develop a high-power amplifier system effective in achieving high-efficiency at a reasonable cost.
In general, HPAs are highly efficient near the nonlinear saturation region. HPA linearization technology is often used instead of back-off operations for increasing efficiency. However, this requires additional complex circuits and time-consuming adjustments.
If we can control the locations of intermodulation (IM) products produced in an MPA and move to the places where there are no signals, we can therefore lessen the interference between signals and IM products and then will be able to operate HPAs in a high efficiency region.
To address the issue, we investigated the IM performance of MPA due to the HPA nonlinearity and showed the effective configuration that makes possible to improve the signal to the third order IM product ratio (C/IM3). We also proposed an effective frequency assignment for increasing the C/IM3 ratio in an MPA.
II. MPA configuration and Characteristics

A. Configuration
An MPA is composed of multiple input/output ports and multiple HPAs and is employed as a last-stage, high-power amplifier shared by multiple ports. Figure 1 shows an example of an eight-port MPA with eight HPAs. The power divider (DIV) and the power combiner (COMB) are composed of a large number of hybrid circuits (HYBs) with the following transfer characteristics.
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DIV splits the input signal into multiple equal-amplitude signals, which have a unique phase distribution determined by the input used. After amplification by the HPAs, COMB recombines the signals into a single signal, which is then passed to a single output that is determined by phase distribution.
Since it is possible to install more HPAs than the number of ports in an MPA, power amplifiers with less output power such as MMICs can be used to construct an MPA. Since signals from multiple ports share the HPAs in an MPA, it is possible to use power efficiently in case of traffic imbalance among ports, traffic variation due to access terminal movement, and so on. In addition, communications for every port are maintained even if some HPAs fail. 
B. Transfer Characteristics
We define the transfer matrix of DIV and COMB with N (=2^L) ports and an array of N (=2^L) 
Where MPA(i,i) means the transfer characteristics between the desirable input and output ports and MPA(k,i) means the transfer characteristics from the input for i-beam to that for k-beam. C=+1 and=1 mean inphase and anti-phase summation, respectively, and the number of positive and negative values are equal.
If we assume that the HPA characteristics are uniform, since the number of +1 /-1 of C in equation (6) is equal, the following equation can be derived.
In an ideal linear MPA operation, although multiple carriers share multiple HPAs, each input signal is coamplified and then combined coherently for delivery to individual ports, and there is no interference among carriers. This feature makes it possible to efficiently use the power of each HPA for all carriers in case of traffic imbalance.
III.
Intermodulation in MPA
A. Third order intermodulation
An HPA is required to operate as near the saturation region as possible to raise efficiency. However, it shows nonlinearity there. Higher order IM products are generated by this nonlinearity and affect the signals nearby in the frequency domain. In general, the third-order IM (IM3) is dominant among IM products.
There are two types of IM3, Fu+Fv-Fw and 2Fu-Fv. The former becomes dominant when the total number of carriers is large, because the number of former IM products is larger than that of later ones and also the former level is 6dB larger than that of later ones.
Therefore, the main focus is placed on the Fu+Fv-Fw type of IM3 in this paper. We define the three carriers as applied to ports-u, v and w as Fu, Fv, and Fw, respectively. The IM3 element [im3(q)] with a frequency of Fu+Fv-Fw generated from HPA-q nonlinearity is expressed by the following equation, where Vh(q,i) is the input of HPA-q from port-i, Kq is constant and is determined by the third order nonlinearity of HPA-q.
The IM3 output at the output port-k of MPA is obtained from the following equation
We next investigate MPA IM3 products for typical input-signal patterns as shown in Fig.2 and we clarify the IM3 production mechanism in MPA.
B. IM3 products from three signals entering from a single port
When three different signals are input at the same port A (=u=v=w), it is easy to demonstrate that all IM3 products appear only at the same output port A as the signal output and that no IM products appear at the other ports as shown in Fig.2 (i) . The spectrum is the same as is observed in conventional multi-carrier amplification with a single HPA.
C. IM3 products from three signals entering from two ports
We next consider when there are two signals entering from the same port A and there is one signal entering from another port B as shown in Fig. 2 (ii) . also appears at port B. In both cases, the IM3 products may interfere with other signals delivered at port B, but do not interfere, however, with signals delivered at port A.
D. IM3 products from three signals entering from three different ports
We investigate when there are three signals Fu, Fv and Fw entering from ports-A, B, and C, respectively. In this case, the IM3 products with the same number as the former appear at each output side of the HPAs, are phase-combined in COMB, and are delivered to the output ports.
It is derived from Eq. (9) that the (Fu+Fv-Fw) product appears only at the port D, which is different from A, B and C as shown in Fig. 2 (iii) . In this case, therefore, the IM3 products, which may interfere with other signals entering from port D, do not cause interference in ports-A, B, or C. For an MPA with more than four ports, the IM3 output port is uniquely determined from the combination of three signal input-ports.
From the above results, it is found that the locations of IM3 products are determined by the locations of input ports with three signals. This fact suggests that if signals can be assigned to the frequency slots not coinciding with IM3 products, it is possible to avoid IM3 interference.
IV. Amplifier system immune to IM3 interference
By taking advantage of the feature of the MPA above, we can construct an amplifier system immune to IM3 interference. Figure 3 shows the high power amplifier system for three carriers. The conventional system has a 
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HPA as shown in (a), in which three carriers are co-amplified in a single HPA. The proposed IM3 immune system, however, is shown in (b), where three carriers are co-amplified in MPA. When three carriers are applied to different MPA ports, all (Fu+Fv-Fw) types of IM3 products are delivered to the dummy-loaded port and do not interfere with the signals, even though the three carriers are co-amplified in MPA.
Another MPA application for four-carrier system immune to IM3 interference is shown in Fig. 4 . In this case, if the fourth carrier is assigned to avoid Fu+Fv-Fw type of IM3 produced from the three carriers, we are able to be free from interference and we can then operate the HPAs very high efficiently.
V. Intermodulation distribution during multi-carrier MPA operation
In the previous section we discuss three or four carriers. In a multi-carrier system like an FDMA or an MF-TDMA, however, more than three carriers are used. Thus, we discuss when multi-carriers are amplified in an MPA and clarify the third-order intermodulation (IM3) distribution.
A. Effective frequency assignment
When 24 carriers are applied to port-1 of the MPA with 8 HPAs, all IM3 products appear at the same port as the port where the amplified signals are delivered and cause interference to signals nearby in the frequency domain. The IM3 products do not appear at the other ports. Figure 5 shows the distribution of IM3 versus carrier locations on output port-1of an MPA. As we can see, the IM3 products exhibit the largest number at the center of the signals as the conventional single amplifier system We next investigate the effect of frequency assignment on IM3 distribution. Figure 6 shows two cases of frequency assignment where successive multiple frequency slots are sequentially assigned to multiple ports as shown in (a) and assigned at intervals to multiple ports as shown in (b). The IM3 products that appeared at the signal slots when 24 carriers are sequentially assigned to the input ports are shown in Fig.7 (a) . However, the IM3 products that do not coincide with the signals in the spectrum are shown in Fig. 7 (b). They do not cause interference because they appeared at different ports from the ports where the signals are delivered. (a) Multicarriers sequentially assigned (b) Multicarriers assigned at intervals 
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When 24 carriers, however, are assigned at intervals to the input ports as shown in Fig.6 (b) , the distributions of IM3 products that cause interference to signals and cause no interference are shown in Figures 8 (a) and (b) , respectively. The number of IM3 products related to interference for sequentially assigned multi-carriers is less than that for multi-carriers assigned at intervals. The signal transmission quality is determined by the ratio of the signal carrier level to the IM3 (C/IM3), which is calculated from the total number of IM3 products in the specific frequency slot. Thus, it is found that assigning multiple frequency slots sequentially to ports is effective in improving C/IM3. Figure 9 shows an example when 24 carriers are applied to sixteen MPA ports with sixteen HPAs. The distribution of the IM3 products that appeared at the signal slots is shown in (a). However, the IM3 products that do not coincide with the signals in the spectrum are shown in Fig. 9 (b) . It is shown from Figures 7(a) and 9 (b) that the actual number of IM3 products that cause interference with the signals decreases when the number of MPA ports increases. Figure 10 shows the dependence of the average C/IM3 ratio on the number of signal input ports for 24 carriers in an MPA with 16 ports. As we can see, when the number of ports employed increases, the number of IM3 products that interfere with the signals decrease, and then C/IM3 is consequently improved, while the number of IM3 that does not interfere with the signals increases.
B. Effect of increasing the number of ports on IM3 distribution
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VI. Conclusion
This paper presents an intermodulation (IM) analysis for a multi-port amplifier (MPA) system composed of multiple input/output ports and an array of multiple HPAs. An MPA in which HPAs are shared among multiple ports can solve the problems of traffic imbalance among ports, traffic changes due to access distribution, and environmental changes, and can efficiently use the total transmitting power. 
